Introduction
Due to technological limitations, extraction of natural resources from the Earth's crust has been limited to a depth of no more than 10-20 km from the ground surface. The cumulative amount of resources that have already been mined has been estimated to exceed the total amount of the reserves remaining in the crust for some metals 1) . The 2Rs (reduce and reuse) have become a higher priority as a way to use finite natural resources in the future. However, recycling technologies that can convert "consumed" resources to useful materials again will also be essential to secure the resources required for a sustainable society. Furthermore, recycling technology is not an abstract theoretical target; rather, it is realistic infrastructure technology to support modern society.
Recycling-related laws such as the Containers and Packaging Recycling Law and the Home Appliance Recycling Law were enforced around the year 2000 in Japan, and a WEEE (Waste Electric Electronic Equipment) regulation was established in the European Union at about the same time. Four large home appliances (TVs, air conditioners, refrigerators, and washing machines) were initially covered by the Home Appliance Recycling Law, and two others (flat-screen TVs and dryers) were added later. A total of 510 kt of home electronic appliance waste was collected in 2013 in Japan, and 43 kt of useful resources were recovered 2) . Because of the worldwide spread of IT equipment, the amount of small-sized waste electronic equipment has been rapidly increasing, and 650 kt of smaller electronic appliances were discarded in Japan in 2011. Small electronic equipment contains precious metals and other minor metals such as tantalum or neodymium 3), 4) , and waste small electronic equipment has been recognized as an important domestic resource (i.e., the concept of urban mines). Most small-sized electronic equipment has traditionally been landfilled in many municipalities in Japan 5) . In order to recover useful resources contained in the small-sized electronic equipment, the Act on Promotion of Recycling of Small Waste Electrical and Electronic Equipment was enacted in 2013.
Waste electronic equipment is first manually dismantled to its main components. Then, metals such as copper, aluminum, and iron are recovered by mechanical methods after pulverization. Relatively high purity plastic casings are recovered by hand or mechanical separators using differences in specific gravity or static In normal resource recovery processes, the manually dismantled waste products are pulverized and sorted by using differences in specific gravity. However, new technology using chemical reactions is required to recover useful materials from composite wastes such as printed circuit boards and carbon fiber reinforced plastics. Our research group has been developing three material recovery technologies employing hydrogen donor solvents, recycled solvents derived from biomass, and low temperature steam gasification with catalysts. A liquefaction method using partially hydrogenated aromatic compounds as a solvent liquefied resol phenol, which is hard to liquefy using other technologies, and could produce clean fuel that contains almost no toxic organic chlorine compounds from polyvinyl chloride. The use of a liquefaction method employing an ester exchange reaction is limited to certain types of plastics, such as epoxy resin, but thermosetting resins can be liquefied under mild conditions and atmospheric pressure with this technology. We also found that solvents can be produced from biomass or previously liquefied plastics. Steam gasification with catalysts can be applied to all organic materials such as plastics, wood, and rubber. Furthermore, the technology is very energy efficient because the operational temperature is much lower than that of conventional gasification. electricity, and these materials are reutilized as resources.
It has not generally been possible to separate and recover composite materials that contain plastics, metals, and other inorganic materials by conventional mechanical separation methods. Our research group aims to develop new technologies to recover useful materials from composite materials through the use of chemical methods. In this paper, I introduce some of the technologies we have used to effectively recover useful materials from composite waste through the use of liquefaction or steam gasification of plastics.
Liquefaction

1. Liquefaction of Electronic Circuit Boards in
Hydrogen Donor Solvents Bergius showed degradation of high molecular compounds such as coal to liquid products by using hydrogen donors and was awarded the Nobel Prize in Chemistry in 1931. In coal, one to four condensed polyaromatic compounds are linked three-dimensionally by bridge bonds. Two key factors, high temperature and rapid hydrogen donation, are required for coal liquefaction to cleave the bridge bonds and stabilize the radicals formed by bond breaking. In the early stages of study on this process, extremely high pressure hydrogen was required because hydrogen was directly supplied from gaseous hydrogen. Over time, reaction conditions were made milder through the use of partially hydrogenated aromatic compounds as hydrogen donor solvents.
Phenol resins and epoxy resin ( Fig. 1) are widely used in electronic equipment as an insulating material. Phenol resins are thermosetting resins that have a threedimensional network molecular structure that, even if heated, barely liquefies. Tetrahydronaphthalene has generally been used as a model hydrogen donor solvent because partially hydrogenated naphthalene is unstable at temperatures higher than 350 , and it converts to naphthalene by releasing four hydrogens. We found that novolac phenol resin, epoxy resin, and urethane foam can be liquefied in tetrahydronaphthalene in the presence of iron sulfide for 60 min at 440 (Fig. 2) 6)
. Liquefaction of three dimensional network plastics proceeds via two reactions; the bridge bond dissociation and the hydrogen donation from solvent. The two reactions do not simply occur sequentially, hydrogen donation from solvent is considered to promote the bridge bond dissociation. Even if tetrahydronaphthalene was used as a solvent, resol phenol resin could not be converted to liquid products, because penetration of solvent into the plastic is prevented by its highly developed three-dimensional structure. Novolac phenol resin and resol phenol resin were only partially liquefied in decahydronaphthalene, which indicates that hydrogen donation from solvents is very important for liquefaction of thermosetting resins. In the thermal decomposition of epoxy resin in tetrahydronaphthalene, the maximum yield of bisphenol A was observed at 350 , and yields of phenol and isopropyl phenol derived from further decomposition of bisphenol A have been reported to increase at higher temperatures 7) . Epoxy circuit boards were liquefied in tetrahydronaphthalene at temperatures higher than 380 . In the presence of iron sulfide or sodium carbonate, phenol derivative compounds and bisphenol A were observed as two major products, respectively. In liquefaction at 440 , the yields of the phenol derivative products increased, and the bisphenol A was not detected due to its further decomposition 8) .
Thermal Decomposition of Polyvinyl Chloride
in Hydrogen Donor Solvents Many organic chlorine compounds are used in electronic devices as insulators or flame retardants. Dechlorination is a key technology if the plastic-derived liquid product is to be used as fuel or chemical inputs.
In the thermal decomposition of polyvinyl chloride (PVC) without any solvents at 4.0 MPa initial nitrogen pressure, the yield of liquid product increased with temperature and peaked at 10 % even at temperatures of greater than 400 ( Fig. 3) 9)
. Benzene and alkyl benzene were observed in the liquid product as the major organic products. In the thermal decomposition of PVC at 300 in decahydronaphthalene or tetrahydronaphthalene, yields of the liquid products were almost 10 %, and yields increased with temperature in both solvents. In particular, the yield of the liquid product in tetrahydronaphthalene increased remarkably at temperatures higher than 400 . These experimental results indicate that the formation of residue is prevented in these solvents even at lower temperatures, and conversion of residue derived from the thermal decomposition of PVC to a liquid product was accelerated at higher temperatures ( 400 ) by hydrogen donation of tetrahydronaphthalene.
In the thermal decomposition of PVC, an unstable polyene intermediate is produced by dehydrochlorination (Fig. 4) . Aromatic compounds and solid carbon are produced by cyclization reactions and condensation reactions, respectively. Residue observed in our experiments is considered to be a mixture of the polyene intermediate and solid carbon. Without any solvent under high pressure, we detected characteristic paraffin formed from hydrogenation of the polyene intermediate by hydrogen that was derived from condensation reactions and yields increased with reaction pressure 10) . In the thermal decomposition of PVC in inert solvents such as decahydronaphthalene, condensation reactions resulting in solid carbon are retarded by the insertion of solvent molecules into polyene chains, and the physical properties of dissolution and dispersion are the solvent's most important roles. Hydrogen donated from the solvent prevents condensation reactions and promotes degradation of the polyene intermediate. Hydrogen donorability is the second important property of solvents.
In the thermal decomposition of PVC, produced liquid products contain many toxic organic chlorinated compounds. Reducing the concentration of these chlorinated compounds is important if the recovered products are to be used effectively as fuel or chemical inputs. Although 1,4-dichlorobutane and its fragmented organic chlorine products were hardly detected in liquid products derived from decomposition of PVC in both decahydronaphthalene and tetrahydronaphthalene under ordinary pressure, these compounds were observed as the characteristic major organic chlorine products under high pressure. Hydrogen chloride which corresponds to approximately 60 % of original PVC weight is produced in thermal decomposition of PVC. The hydrogen chloride is removed rapidly in a conventional flow reaction system. However, thermal decomposition was carried out under high partial pressure of hydrogen chloride in a high pressure batch reactor. The 1,4-dichlorobutane yield increased with reaction time in both solvents at 300 . These results indicate that 1,4-dichlorobutane is not an intermediate product from PVC; rather, it is derived from a secondary reaction between gaseous hydrogen chloride and the polyene intermediate. At 400 , chlorination of decahydronaphthalene and decomposition of the 1,4-dichlorobutane were observed. Particularly in tetrahydronaphthalene, the chlorine concentration of products derived from PVC decreased as the temperature increases, and in proportion to the amount of hydrogen transferred from the solvent (Fig. 5) 11), 12) . These experimental results indicate that decomposition of 1,4-dichlorobutane and its fragmented organic chlorine products was accelerated by hydrogen donated from a solvent.
3. Liquefaction of Epoxy Boards in Tar Derived from Biomass
The thermosetting resin used in the fiber reinforced plastics (FRP) is barely liquefied by conventional pyrolysis because of its three-dimensional network structure.
Most epoxy printed circuit boards used in electronic devices contain ester structures in bridge bonds because these structures were synthesized by using anhydride as a curing agent. The ester bond is easily dissociated in cresol derivatives by the transesterification reaction (Fig. 6) . Therefore, epoxy circuit boards can be liquefied almost completely in benzyl alcohol at 200 under atmospheric pressure. The liquefaction of epoxy boards in benzyl alcohol is a much more attractive method than previous liquefaction methods in which supercritical solvents or hydrogen donor solvents are used because expensive high pressure reactors are not required. Liquefaction technology using benzyl alcohol as a solvent has been applied to waste FRP boards 13) and other waste electronic devices 14) . However, benzyl alcohol is not stable under liquefaction conditions, and compensation for unrecovered solvent is necessary. Therefore, a much more inexpensive and effective solvent is required.
Initially, we found that approximately 50 % of an epoxy board was liquefied at 220 under atmospheric pressure in a tar produced from Japanese cedar by dry distillation. Lignin is thought to be a promising inexpensive raw material for liquefaction solvents because it has many cresol derivatives 15) . However, the tar yield derived from dry distillation in that process was only 5-10 % of the weight of the dry wood.
Next we sought an alternative process to extract tar from Japanese cedar. Liquefaction of the wood was carried out in benzyl alcohol at in the presence of sodium hydroxide. The tar used for epoxy liq- uefaction was prepared from the liquefaction product of the cedar by distilling out the benzyl alcohol at 140 under a vacuum. The yield of the tar derived from the wood increased with preparation temperature and much more liquid product was produced than consumption of benzyl alcohol. The epoxy board was liquefied nearly completely at 250-300 under atmospheric pressure in tar prepared at 300 . However, it was not liquefied in tar prepared at 250 or 350 , so the effectiveness of the tar is very sensitive to the preparation temperature.
Even though tar derived from Japanese cedar in the previously described process was effective in liquefying epoxy boards, it required the use of an expensive highpressure reactor for tar preparation at 300 . To prepare tar under atmospheric pressure, sulfuric acid was used as an additive in the tar preparation process. The cedar was liquefied almost completely with the addition of a small amount of sulfuric acid at 200 under atmospheric pressure. Epoxy boards could be liquefied nearly completely at 250-300 in tar prepared with sulfuric acid (Fig. 7) , and unoxidized metal and glass fibers were also recovered (Fig. 8) 16) . Liquid products derived from thermal decomposition of liquefied epoxy boards contain many cresol derivatives. We confirmed that the liquid products can be used again as a recycled solvent for epoxy liquefaction (Fig. 9). 
Steam Gasification
Recovering useful resources from industrial waste by using liquefaction methods is a very appealing method for several reasons. The liquefaction method consumes less energy than conventional pyrolysis, and the deterioration of recovered materials is very low because processing temperatures are much lower than those used in other chemical process. Although numerous types of plastics have been used in industrial products, the plastics that can be processed by liquefaction are presently limited to only a few that have specific characteristics, such as an ester bond.
Steam gasification in the presence of molten carbonates can process not only plastics but also almost all organic materials, including wood and rubber. The lower processing temperature required for steam gasification as compared with conventional gasification saves energy and is suitable for small-scale waste disposal facilities. Moreover, toxic organic halogen compounds are converted to stable and safe inorganic salts by carbonates, so the gaseous products generated should be halogen-free and can be used as fuel. Gasification in the presence of carbonates had been proposed for coal 17) and other heavy hydrocarbons 18) . The catalytic effect of potassium in coal gasification has also been reported in many previous studies 19) . In the steam gasification of plastics, hydrogen and carbon dioxide were produced mainly, with trace amounts of carbon monoxide, methane, and other hydrocarbon gases. The main gas products were produced from the two reactions shown below.
The logarithmic values of the rate of hydrogen formation by steam gasification of epoxy boards in the presence of carbonates at 600-675 and in the absence of carbonates at 675 are shown in Fig. 10 20)
. The hydrogen formation rate observed in the presence of carbonates was much higher than that without them. It is therefore clear that including a carbonate mixture markedly accelerates steam gasification.
Steam gasification seems to proceed via two steps. The first hydrogen is produced mainly from a rapid pyrolysis of the epoxy board sample. The second hydrogen is derived from steam gasification of char. The hydrogen formation rate in the second step decreased linearly with reaction time. These experimental results indicate that steam gasification of the char derived from epoxy boards can be assumed to be a pseudo-first-order reaction, and the slopes of the lines (Fig. 10) show the steam gasification rate constants (k).
Steam gasification rates of activated carbon with various carbonate mixtures and melting temperatures of the carbonate mixtures 21) are shown in Fig. 11  22) . In our experiments, the activated carbon was used as a model compound of char which have porous structure. The observed gasification rate with lithium carbonate alone was very low; however, the gasification rate increased linearly with increased potassium concentration. Lithium carbonate is unstable under this gasification condition and showed little catalytic effect for steam gasification. Potassium carbonate and lithium carbonate mixture is in a fluidized state regardless of composition; the gasification rate independently increased in proportion to the potassium concentration in the reaction system.
As compared with the case where pure sodium carbonate or lithium carbonate was used alone, the reaction rate was remarkably accelerated in the presence of a mixture of sodium carbonate and lithium carbonate. Neither of these two pure carbonates melted under our On the other hand, the mixtures' melting points were lower than 700 , the carbonate mixture was in a fluidized state, and the gasification rate was accelerated by the molten carbonates. These experimental results indicate that steam gasification was accelerated by improving contact efficiency between the carbonates, the activated carbon, and the steam.
A similar acceleration of steam gasification was also observed in a reaction system where a mixture of potassium carbonate and sodium carbonate was used. Although the melting points of the mixture of sodium carbonate and potassium carbonate were slightly higher than our experimental temperature, the observed gasification rates still imply an acceleration effect caused by the interaction between sodium carbonate and potassium carbonate. From these experimental results, we estimate that the carbonate mixtures were in a fluidized state because the equilibrium calculation shows that carbonates partially converted to hydroxide in the presence of excess steam, and the hydroxide compounds lowered the melting point of the carbonate mixture. The maximum gasification rate was not always observed at the lowest melting point, and synergetic acceleration of steam gasification was not observed in the reaction system of lithium carbonate and potassium carbonate. From these results, we conclude that improving contact efficiency by using fluidized carbonates and increasing potassium concentration are both important for accelerating steam gasification.
Formation rates of hydrogen derived from steam gasification of phenol resin boards were influenced by particle size (Fig. 12) 
23)
. In the steam gasification of small particles (d 0.15 mm), the logarithmic hydrogen formation rate decreased almost linearly with time. The experimental results indicate that these particles were small enough for carbonate to penetrate into the whole char, and the gasification of the char was predicted almost completely by using a conventional homogeneous model 24) . In the steam gasification of large phenolic board particles (d ≥ 1.00 mm), however, two different reactions of char occurred simultaneously: homogeneous-model gasification and shrinking-core model gasification. After rapid pyrolysis of the phenolic board sample, molten carbonate penetrates into the char particles gradually to a maximum depth t. When the particle size was larger than t, the initial rate of hydrogen formation was consistent with the predictions of the homogeneous model because the main reaction occurred in the outer layer in which the molten carbonate infiltrated. After this layer was consumed by gasification, the reaction occurred mainly on the outer surface of the core, and the hydrogen formation rate was consistent with the predictions of the shrinking-core model. A schematic reaction diagram of the gasification reactor is shown in Fig. 13 . The sample is pyrolyzed rapidly on the surface of the fluidized molten carbonate and converted to char. The molten carbonate mixture infiltrates the char particle, and the steam gasification of solid carbon is accelerated by the fluidized molten carbonate. The carbon dioxide produced from the steam gasification of char is absorbed in the molten carbonate by a reaction with hydroxide compounds that are converted from the carbonates, and then the carbon dioxide is gradually released again by hydrolysis of the carbonate.
Recovered metals from a printed circuit board are shown in Fig. 14. Residual solid carbon or tar derived from plastic did not form, and most of the metal was recovered without oxidation, although the surface of the thin copper film used in the electronic board was slightly discolored. When small nickel particles were placed in the reactor as a model of electrode terminals attached to the circuit boards, the nickel particles showed a nearly equal catalytic acceleration effect to the steam gasification with molten carbonates 25) .
Conclusion
Conventional mechanical separation technologies are not sufficient to effectively recover plastics or metals from the complex parts used in small electronic devices.
Particularly, a huge amount of waste electronic circuit boards and carbon fiber reinforced thermosetting plastics (CFRP) is expected to be discarded in the near future. Innovative new technologies using chemical reactions are required to efficiently recover useful resources from these complex wastes. Liquefaction technology using a hydrogen donor solvent requires an economically disadvantageous high-pressure reactor. However, the technology can liquefy plastics and almost completely remove toxic halogenated compounds under comparatively mild conditions. Many efforts have been made to mitigate reaction conditions using high molecular weight solvents or catalysts. Although liquefaction using an ester exchange reaction can only be applied to plastics that have a characteristic structure such as epoxy or urethane, it is a very attractive technology with which thermosetting resin can be liquefied at temperatures lower than 200 under atmospheric pressure. This technology could be developed in specialized fields, such as recovering long carbon fibers from the giant CFRP blades of wind power generators. Low-temperature gasification using catalysts such as molten carbonates or metals is one of the most promising technologies because it can be applied to all industrial wastes, for example, vehicles, electronic devices, and photovoltaic cells. 
